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DISCLAIMER
The statements and conclusions in this report are those of the 
Contractor and not necessarily those of the State Air Resources Board. 
The mention of commercial products, their source, or their use in 
connection with material reported herein is not to be construed as 
either an actual or implied endorsement of such products.
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1. Introd u c t i o n
A i r  p o l l u t i o n  is an e n v i r o n m e n t a l  p r o b l e m  that is b o t h  pervasive 
and d i f ficult to control. A n  important element of any rati o n a l  control 
a p p r o a c h  is a r e l i a b l e  m e a n s  for evalu a t i n g  the air q u a l i t y  impact of 
a l t e r native a b a tement m e a sures. A  m a j o r  focus of the r e s e a r c h  
des c r i b e d  in this report has b e e n  to d e velop a c a p a b i l i t y  to describe 
the p r o d u c t i o n  and transport of p h o t o c h e m i c a l  oxidants w i t h i n  an u r b a n  
airshed. This w o r k  has b e e n  s u c c e s s f u l l y  c o m pleted and is repo r t e d  in 
mor e  detail in M c R a e  (1981), M c R a e  et al. (1982abc), and M c R a e  and 
Seinfeld (1982).
2. M o d e l  F o r m u l a t i o n
The combined influences of advection, turbulent diffusion, 
chemical reaction, emissions and surface removal processes h a v e bee n  
i n corporated into a series of m a t h e m a t i c a l  m o d e l s  b a s e d  o n  the species 
c o n t i n u i t y  equation. A  schematic r e p r e s e n t a t i o n  of the i n t e raction of 
these elements is shown in F i g u r e  1. Since each m o d e l  employs common 
components the simpler forms can be u s e d  for rapid screening 
c a lculations and the m o r e  complex ones for deta i l e d  evaluations. This 
feature is p a r t i c u l a r l y  usef u l  to r e g u l a t o r y  agencies that must 
evaluate m a n y  d i f ferent control strategies. Because of the importance 
of u n d e r s t a n d i n g  the practical l i m i tations of these mode l s  a del i n e a t i o n  
of the essential a s s u m ptions u n d e r l y i n g  their formul a t i o n s  has bee n
2FIGURE 1
Elements of a M a t h e m a t i c a l  M o d e l  for Rela t i n g  
Po l l u t a n t  E m i ssions to A m bient A i r  Quality
carried out. The results of this investigation are reported in Goodin 
et al. (1979a) and McRae et al. (1982a).
The flow fields, needed for species transport, are constructed 
using inverse distance weighted polynomial interpolation techniques 
that map routine monitoring data onto a regular computational mesh 
(Goodin et al., 1979b; 1981). Variational analysis procedures are then 
employed to adjust the field so that mass is conserved. These 
techniques are described in Goodin et al. (1979c) and Goodin and McRae 
(1980). Initial concentration and mixing height distributions can be 
established with the same interpolation algorithms.
Subgrid scale turbulent transport is characterized by a gradient
diffusion hypothesis. Similarity solutions are used to model the
surface layer fluxes. Above this layer different treatments of
turbulent diffusivity are required to account for variations in
atmospheric stability. Convective velocity scaling is utilized to
develop eddy diffusivities for unstable conditions (McRae et al.,
1982a). The predicted mixing times are in accord with results obtained
during sulfur hexafluoride (SF,) tracer experiments (McRae et al.,o
1981). Conventional models are employed for neutral and stable 
conditions.
A new formulation for gaseous deposition fluxes is presented that 
provides a means for estimating removal rates as a function of 
atmospheric stability. The model, described by McRae et al. (1982a), 
satisfactorily reproduces measured deposition velocities for reactive
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materials. In addition it is shown how computational cell size 
influences the representation of surface removal.
Chemical interactions between twenty nine chemical species are 
described by a 52 step kinetic mechanism (Falls and Seinfeld, 1978; 
McRae et al., 1982a). The atmospheric hydrocarbon chemistry is modeled 
by the reactions of six lumped classes: alkanes, ethylene, other 
olefins, aromatics, formaldehyde and other aldehydes; a grouping that 
enables representation of a wide range of smog chamber experiments and 
atmospheric conditions. Chemical lumping minimizes the number of 
species while maintaining a high degree of detail for the inorganic 
reactions. The influence of variations in rate data, stoichiometric 
coefficients and initial conditions on oxidant production have been 
studied using the Fourier Amplitude Sensitivity Test (Koda et al.,
1979; Falls et al., 1979; McRae et al., 1982d; Tilden et al., 1980 and 
McRae and Tilden, 1980).
The wide variation in time scales, non-linearity of the chemistry 
and differences in transport processes complicates selection of 
numerical algorithms. Operator splitting techniques are used to 
decompose the governing equation into elemental steps of transport and 
chemistry. Each transport operator is further split into advective and 
diffusive components so that linear finite element and compact finite 
difference schemes can be applied to their best advantage. Because 
most of the computer time is consumed by the chemical kinetics those 
species that could be accurately described by pseudo-steady state 
approximations were identified reducing the number of species,
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described by differential equations, to 15. A complete discussion of 
the numerical techniques can be found in McRae et al. (1982b).
3. Data Base for Model Performance Evaluation
During the week of 23-28 June 1974, a severe air pollution episode 
was experienced in the South Coast Air Basin of California (Figure 2). 
Hourly averaged ozone (03) concentrations reached 0.50 ppm in the 
Upland-Fontana area, and values above 0.35 ppm were reported at 10 
other stations. These high ozone levels provide a stringent test of 
the ability of the model to simulate episodes. Another important 
reason for choosing the 1974 period was that detailed emissions 
inventories, commissioned by the State of California Air Resources 
Board, were available for that year.
The basic meteorological input data needed for the model were 
primarily derived from the South Coast Air Quality Management District 
(SCAQMD) monitoring stations. During the period 23-28 June, 1974 wind 
speeds were considerably lower than normal. (Radiosonde data from Pt. 
Mugu indicated that the wind speeds averaged about 1 . 6 m s   ^between 
the surface and the 750 mb height; the normal June average is about 4.2
-1 Xm s  .)
The mixing height distributions were developed by interpolating 
acoustic sounder and radiosonde measurements. At El Monte, the maximum 
depth of the mixed layer was approximately 750 m on each of the days 
26-27 June. This value is unseasonably low. Temperatures between the 
300 and 900 m levels reached 30°C during 27 and 18 June, while the
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6FIGURE 2
Definition of Computational Grid System Over the South Coast Air Basin 
The shaded portion corresponds to the area used 
in the model performance evaluation.
surface temperatures dropped as low as 15°C during the night. The 
intense nocturnal inversion was caused partly by subsidence and partly 
by radiation from the surface since the dry air aloft kept the sky 
cloudless.
In summary, the low wind speeds, high temperatures and low 
inversion base produced conditions conducive to the accumulation of 
precursor emissions and, in turn, to the production of high ozone 
levels.
One of the most important inputs to any airshed model is a 
comprehensive detailed and accurate emission inventory, that has been 
constructed at a level of detail consistent with the required spatial, 
temporal and chemical resolution of the model. In this study emissions 
from 130 different source categories were spatially distributed over 
the region shown in Figure 2. A summary of the daily totals and the 
distribution between different source classes is shown in Table 1 and 
Figure 3. Diurnal variations in emission rates were resolved to within 
one hour in order that the model predictions would be compatible with 
the averaging time used in making ambient air quality measurements. 
Table 2 gives the estimated 1974 composition of reactive hydrocarbon 
emissions in the SCAB grouped according to the six-class chemical 
lumping scheme. These results were derived from detailed composition 
profiles developed for each source category. For further details of 
the emission inventory the reader is referred to McRae et al. (1982c).
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TABLE 1
Summary of Estimated 1974 Daily South Coast Air Basin Emissions
8
SOURCE CLASS
TOTAL EMISSIONS CONTRIBUTION (%) 
SPECIES (kg/day) MOBILE STATIONARY
Carbon monoxide (CO) 8,610,000 98.8 1.2 
Nitrogen oxides (NO ) 1,320,000 62.3 37.7 
Sulfur oxides (SO ) 427,000 13.7 86.3 
Total Hydrocarbons (THC) 3,379,000 30.0 70.0 
Reactive Hydrocarbons (RHC) 1,290,000 71.0 29.0
9F I G URE 3
Simplified Structure of the Inventory Used in this Study Together w i t h  an 
A ssessment of the Unc e r t a i n t y  of Pollutant Emissions from Different Source Categories  
(E is the pollutant emission rate in kg day""Txl0~3 and 
f is the fractional u n c e r t a i n t y  in the inventory c a t e g o r y ) .
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TABLE 2
Composition of Reactive Hydrocarbons in Inventory Region
SPECIES
EMISSIONS
, -1  kg s
COMPOSITION(%) 
WEIGHT MOLE
MOLE WEIGHTED 
MOLECULAR 
WEIGHT
AVERAGE
CARBON
NUMBER
Formaldehyde (HCHO) 0.18 1.25 2 .88 30.0 1 .0 0
Other Aldehydes (RCHO) 0.25 1.74 2 .22 63.1 3.36
Ethylene (C2H4) 0.82 5.73 13.4 28.0 2 .0 0
Other Olefins (OLE) 1.98 13.8 14.2 67.4 4.83
Aromatics (ARO) 2.03 14.2 9.4 100 .2 7.56
Alkanes (ALK) 9.04 63.3 57.9 83.5 5.82
TOTALS 14.30 100 .0 100 .0
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The initial concentration field was established using the 
procedures described in Goodin et al. (1980). Hourly averaged data 
from the monitoring sites, shown in Figure 4, were interpolated to the 
computational grid. Because of the poor quality of most reactive 
hydrocarbon measurements, a set of splitting factors was developed for 
converting total hydrocarbon readings into the components needed for 
the chemical mechanism. These factors were derived from emissions data 
and from the results of detailed field measurements.
A summary of the aerometric and emissions data compiled for use in 
this study is presented in Table 3.
4. Model Performance Evaluation
While the mathematical formulation of the complete system contains 
no regional or area specific information, performance evaluation 
studies were carried out using data measured in the South Coast Air 
Basin of Southern California (McRae, 1981; McRae et al., 1982c and 
McRae and Seinfeld, 1982).
The model was applied to simulate the two-day period 26-27 June 
1974 in the SCAB. The concentrations of 15 species were predicted in 
each computational grid cell as a function of time commencing at 0:00  
hours 26 June. Of the 15 species calculated, the two that provide the 
most stringent test of a model are N02 and 03 . Figures 5-9 show 
predicted and observed concentrations of N02 and 03 during 26-27 June 
1974 at several monitoring stations in the SCAB.
•  ESCMSIM
FIGURE 4
Loca t i o n  of Air Quality M o n i t o r i n g  Stations in the South Coast Air Basin 
(Air quality predictions and observations at the circled locations are shown in
Figures 5-9)
Table 3. Summary of Aerometric and Emissions Information Available 
for 26-28 June 1974 for the South Coast Air Basin
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TYPE OF DATA NATURE OF DATA COLLECTED REMARKS
SOURCE OR 
ORGANIZATION(S) 
COLLECTING DATA
EMISSIONS DATA 
(Cont)
Aircraft Gridded emissions estimates for all major airports in 
inventory region.
CALTRANS,
SCAQMD
Power plants Emissions estimates of NO, NO 2 and CO for each 
in inventory region.
plant Diurnal 
tion of
distribution of 
daily operating
emissions based on inspec- 
logs.
SCE, LADWP
Distributed area 
sources
Emissions estimates for organic gases, N0x and CO. SCAQMD
Other stationary 
sources
Emissions estimates for organic gases, NO^ and CO. SCAQMD
Table Summary of Aerometric and Emissions Information Available
for 26-28 June 1974 for the South Coast Air Basin (Continued)
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FIG U R E  5
P r e d i c t e d  and O b s e r v e d  C o n c e n t r a t i o n s  o f :
(a) Ozone and (b) N i t r o g e n  D i o x i d e  at D o w n t o w n  Los Angeles  
(- predicted, o observed)
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FIG U R E  6
Pr e d i c t e d  and Obse r v e d  C o n c e n t r a t i o n s  o f : 
(a) Ozone and (b) N i t r o g e n  D i o x i d e  at P a s a d e n a  
(- predicted, o observed)
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FIGURE 7
Predicted and Observed Concentrations of:
(a) Ozone and (b) Nitrogen Dioxide at Pomona
(- predicted, o observed)
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FIGU R E  8
Pre d i c t e d  and Obser v e d  C o n c e n t r a t i o n s  of:
(a) Ozone and (b) N i t r o g e n  Di o x i d e  at Upland 
(- predicted, o observed at CARB station,
• obser v e d  at A P C D  m o n i t o r i n g  site located 400 m e t e r s  a w a y ) .
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FIGURE 9
Pr e d i c t e d  and Obse r v e d  C o n c e n t r a t i o n s  of:
(a) O zone and N i t r o g e n  D i o x i d e  at Ri v e r s i d e  
(- predicted, o obse r v e d  at AP C D  station,
• obse r v e d  at A R B  m o n i t o r i n g  site located 1200 m e t e r s  a w a y ) .
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In the early morning both NO and reactive hydrocarbons peak due to 
traffic emissions. The N02 peak concentrations are delayed a few 
hours, consistent with the time required to oxidize NO. Observed and 
predicted ozone concentrations increase with distance toward the east. 
Ozone concentrations gradually increase until the time of the peak 
predicted concentration, which usually occurs between 1300 and 1400 
PST.
In most cases the model accurately reproduced both the magnitude 
and timing of the peak ozone concentration. Similar behavior was also 
noted for nitrogen dioxide except that the model tended to predict the 
peak values one to two hours earlier. The fact that the model 
satisfactorily described the observed concentration trends on the 
second day is particularly encouraging for control strategy 
calculations. The reason for this is that by running the model for a 
period longer than the characteristic ventilation time of the airshed 
it is possible to minimize the influence of uncertainties in specifying 
the initial conditions. This capability is important for those 
situations where it is not possible to derive starting conditions from 
ambient monitoring data.
In many respects a statistical analysis of the deviations between 
predictions and observations is the heart of model performance 
evaluation. Although raw statistical comparison of observed and 
predicted values may not reveal the cause of discrepancies, it can tell 
much about the nature of the mismatch. Figure 10 shows the frequency 
distribution of the residuals, i.e. predicted concentrations minus
21
FIGU R E  10
H i s t o g r a m s  of C o n c e n t r a t i o n s  Re s i d u a l s  (Observed-Predicted) D e t e r m i n e d  Over 
All Times and Lo c a t i o n s  for the Two Day Per i o d  26-27 June 1974:
(a) Ozone (b) N i t r o g e n  D i oxide
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observed for N0 2 and 03 for all monitoring stations over the two day 
simulation. Table 4 presents a summary of the statistics used to 
evaluate the model performance.
An important criterion in evaluating an air pollution model is its 
ability to predict the observed concentration maxima. Table 5 shows a 
comparison of the magnitudes of the predicted and observed 03 maxima 
for 27 June at those stations where the observed maxima exceeded 0.20 
ppm and a comparison of the predicted and observed hour of the 03 
maximum at the same stations. The predicted times of occurrence of the 
03 maxima agree exactly or are at most one hour removed from those 
observed. Because the phasing of predicted 03 concentrations depends 
on virtually all the physical and chemical processes involved, the 
close agreement between observed and predicted temporal behavior 
suggests that these processes are accurately portrayed relative to 
their temporal dynamics.
In summary, because the essential trends of the predictions and 
observations are in agreement and because the model components 
represent state-of-the-art knowledge of each aspect, we assume that the 
basic model framework is a valid representation of atmospheric 
concentration dynamics.
5. Publications Derived From Research Pro ject
In this executive summary only a brief outline of the 
photochemical modeling project can be presented. Further details of
23
Summary Statistics Determined Over All Times 
and Locations for 26-27 June 1974^a^
TABLE 4
Footnotes:
(a) In the statistical evaluation of model performance 1336 pairs of predictions and observations were used in the analysis 
of ozone (C© and 973 for nitrogen dioxide (NC© •
(b) The residual for species i at locations j=l,2,...m and times k=l,2,...,m are defined as w ^(x.,C^) = c°(x.,t^) - c?(x.,t^)
where and c? are respectively the observed and predicted concentrations of species i. 1 J 1 1 ^
(c) The values in brackets express the residuals as a percentage of the observed mean concentration. For ozone (C© the observed 
and predicted means were 0.0661 and 0.0641 ppm and for nitrogen dioxide (NC^) 0.0709 and 0.0630 ppm respectively.
(d) The peak observed value of ozone (0^) = 0.51 ppm occurred at Upland at 14:00 PST and the highest nitrogen dioxide 
(NC© = 0.36 ppm at downtown Los Angeles at 10:00 PST.
(e) Concentration bound set to + 0.05 ppm .
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Observed and Predicted Maximum 1-hr Ozone Concentrations at 
SCAB Stations Where [O3 ] > 0.20 ppm and Timing of Ozone 
Maxima, 27 June 1974
TABLE 5
Station
Anaheim 
La Habra 
Los Alamitos 
Norco-Prado Park 
Riverside-Rubidoux 
Riverside-Magnolia Avenue 
San Bernardino 
Chino
Upland-Civic Center
Upland-ARB
Fontana
Azusa
Burbank
Pomona
Whittier
Pasadena
[03], ppm
Observed Predicted
0.23 0 .2 1
0.31 0.27
0.24 0 .2 2
0.24 0 .2 1
0.30 0.24
0.24 0.24
0.32 0.23
0.27 0.25
0.51 0.41
0.46 0.41
0.49 0.38
0.35 0.29
0.30 0.30
0.35 0.32
0.38 0.30
0.31 0.31
Time of maximum 
Observed Predicted
1600 1600
1500 1500
1700 1600
1600 1600
1500 1500
1500 1500
1500 1500
1400 1400
1600 1500
1500 1500
1300 1400
1200 1200
1400 1300
1100 1200
1300 1200
1200 1200
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the development and testing of the modeling system can be found in the 
open literature references cited in Table 6.
6 . Conclusions
The major contribution of this research project has been the 
development of a mathematical modeling system that can be used to 
describe urban-scale photochemical air pollution. Based on the species 
continuity equation each model incorporates the combined influences of 
advective transport, turbulent diffusion, chemical reactions, source 
emissions and surface removal processes. Satisfactory performance of 
the modeling system has been demonstrated by comparing predicted and 
observed air quality over the South Coast Air Basin for the two day 
period 26-27 June 1974. The model predictions of the spatial and 
temporal variations of nitrogen dioxide (N02) and ozone (03) agree 
quite closely with measured air quality. These results and other tests 
indicate that the modeling system can now be used to evaluate air 
quality impacts of alternative emission control strategies.
26
Summary of Publications from Photochemical Modeling Project
TABLE 6
TOPIC REFERENCE
General
Model Development McRae (1979, 1981)
Goodin et al. (1979a)
McRae et al. (1979, 1982ac)
Model Evaluation McRae and Tilden (1980) 
McRae and Seinfeld (1982)
Applications 
Chemical Mechanism
Seinfeld and McRae (1979) 
McRae (1980a)
Mechanism Development Falls and Seinfeld (1978) 
McRae et al. (1982a)
Sensitivity Analysis Koda et al. (1979)
Falls et al. (1979) 
Tilden et al. (1980) 
McRae et al. (1982d) 
McRae and Tilden (1980)
Water Vapor Concentration 
Objective Analysis Procedures
McRae (1980b)
Interpolation Techniques Goodin et al. (1979b, 1981)
Wind Field Generation 
Turbulent Diffusion
Goodin et al. (1979c) 
Goodin and McRae (1980)
K-Theory Model McRae et al. (1982a)
Convective Mixing 
Numerical Analysis
McRae et al. (1981)
Solution of the Atmospheric 
Diffusion Equation
McRae et al. (1982b)
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